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ABSTRACT

Double differential cross sections have been measured with time of flight
techniques at 16 angles between 3.5° and 159° (lab) for the'inclusive
50,52,53

production of neufrons from reactions of 25 MeV protons with Cr,

54,56,58Fe"59c°’60N1’63CU’89Y’90,91,92,94Zr’ 92’94’95’96’97’98'100ho,]1°bd
and ]59Tb and of 18 MeV protons with 90’9]’?2’94Zr,_ The'spectra from
90’9]'92’94Zr targets are compared with qualitative.and quantitative
predictions based on proton partfc1e-neutron hole state densities generated
from different sets of single part%c]é states'using the recursion method of

91

Williams et al. An end point gap of nearly 4 MeV in the °'Zr (p,n) spectrum

may be understood quantitativgly in terms of such an extreme single partiéle
model argument. The experimental peak structure shows reasonably godd
agreement with the calculated results. It is shown that precompound spectra
exhibit pronounced stfucture which is dependent upon nuclear structure effects
for near closed shell nuclei, and that thesé effects should and do disappear

rapidly with nuclear deformation, as predicted earlier by Williams et al.






‘1. INTRODUCTION

. Precompound models that assume the reaction system to proceed through a
series of two body collisions have been’ very successful in reprodUcing smooth -
.continuous spectra from a wide range ‘of nucleon-induced reactions. Far-less
has been done in investigating the manner in which nuclear structure effects
(as manifested by realistic single particle levels) might show up 1n
precompound decay.

A decade has passed since Williams et al. 1 and Albrecht et al 2
predicted 51gnificant influences on precompound spectra when realistic single
particle levels were considered._ Little.has heen done to test these. |
predictions.?** In preparation of the work presented here, we have used
the codes developed in Refs. 1,2 and modified by Grimes et al.* to select a
target sequence for which significant target structure effects can be expected
in the preconpound (p,n) spectra. We would expect these effects to be most
pronounced in regions uhere'the'single particle levels near the Fermi energy
deviate strongly from an equidistant spacing description, i.e. for residual
nuclei with small ground state deformation and in the region of magic
numbers. It is most appropriate to study the (p,n) reaction for a sequence of
shell crossing isotopes or isotones and observe the differences in structure.
One target sequence for which large effects were predicted is
90’9]’92’94Zr. We have performed these measurements with 18 and 25 MeV
projectiles, and in this work we explore the possibility of interpreting these
results using shell and Nilsson model based single particle levels for the
calculation of few exciton state densfities.

The Zr target sequence allows us to test.the influence of neutron hole

structure in the residual Nb nuclei, i.e. near N=50, on experimental spectra.



Similarly the 99232:53cp(p.n) measurements test the region N=28. The
58Fe, 59Co, 60Ni(p,n) data probe the importance of proton single
particle-exciton levels near Z=28 on spectra. Additional targets have been
measured either as controls,**3°¢ (89Y,]1°Pd,]59Tb) to clean the spectra of
interest from isotopic impurities (54Fe,56Fe). or to seek information on
the related topic of pairing effects in precompound decay (92°100ho). We
will summarize all experimental results in Section II after presentation of
our experimental method. Howéver, we will only interpret the results on the
Zr targets in this work; other results will be interpreted in later works."
Section III is devoted to a discussioﬁ_of the qualitativé details as to
how the nuclear structure of the targets should influence details of the
experimental (p,n) precompound spectra, to the calculation of few quasiparticle
densities and the options available in such calculations. We will show |
structure effects expected for near closed shell nuclei, and illustrate hdw
these effects are predicted to disappear rapidly with target deformation. In
Section IV we will compare experimental résuIts of this work with particular

sets of theoretical predictions based on such 6a1cu1ations (Refs. 1,2,4). Our

conclusions are given in Section V.



II. EXPERIMENTAL METHODS AND RESULTS
‘A.  Time-of-flight faciiity
The experiment was performed with the proton beam of the Lawrenée_

Livermore Natjonal Laboratory Cyclograaff accelerator using beam energies of

25.0 + 0.08 MeV and 18.0°% 0.08.MeV.7*® The. 24.93 MHz.repetition rate of the

AVF. cyclotron was scaled down by a faqtor of 10 withftwo external sweepers to allow :

for neutron time-of-flight (TOF) spectroscopy with 10.75 m flight paths without
ambiguities due to overlapping bursts fn the neutron energy range under
consideration (En-3'3'5 MeV). The geometry of the TOF area is shown in Fig. 1.
Neutron TOF spectroscopy was performed sfmu]taneous1y at 16 angles
between 3.5° and 159°. The detectors were'11.4 cm @ x 5.1 cm NE213
scintillators behind water cbllimators of 2m lengfh, surrounded by a shield
of earth and concrete. The efficiencies of the liquid scintillators were
calculated with the code ‘EFFIC. The results have been reported® to deviate
from those of the code DETEFF by at most i7x; in addition the absolute
differential cross sections of the 2H(d,n)3He measured at Ed=10 MeV and
analyzed with these efficiencies showed good agreement with existing data.
The Livermore multi-detector set-up is described tn detajl elsewhere?; the

subsequent description is therefore restricted to features specific to our

measurements.

B. Experimental Set-Up-

The proton beam was focused through insulated, adjuétabIe collimators and

the 5-20 'ug/(:m2 carbon foil of fhe time pickoff unitl® onto the target which



was mounted 90 cm behind the Beam pick off (in a thin walled scattering
chamber); after passing through the'target the beam was dumped into a shielded
Faraday Cup approximately 430 cm behind the target. The integrated Faraday
Cup current was recorded for absolute cross section determination.

The targets were self supporting, isotopically pure or enriched metailic'
foils of 2.38 cm diameter and thicknesses ranging from 1.9 to 5.5 mg/cm2
(see Table 1). The effective thickness in the region of the.beam spot of
about 6 mm diameter was deduced!! from fhe measured energy qegrédatidn of
24]Am a-particles (Ea'= 5.48 MeV); results are given in Table I. Additional
properties of the targets investigated are summarized in Table 11.12»13

Conventional electronics were used with the individual neutron TOF _
detectors. A linear bias was.set individually for each detector at the pulse
height of two times the half value of the Compton edge from 1.275 MeV |
v-radiation (Z?Na), which is equivalent to a minimum proton recoil energy
Eﬁi" = 5.4 MeV. For the Ep = 18 MeV runs this threshold was lowered by a
factor of 2, yielding Eﬁin = 3.5 MQV. The y radiation background was
effectively suppressed by the pulse=sh$pe decrimination.appIied; Some
typical TOF spectra_résulting from runs at ZSZMeV with the 90Zf"target are
shown in the left cq]ymn of Fig. 2 for the laborafory anglés elab =;3.5°,
32.3%, and 128.7°, respectively. The energy scale.is déduced from the

position of the target y peak and_tﬁe time ca]ibration:bf the system.

C. Background Corrections
The influence of background neutrons on continuous neutron energy spectra
taken with the Livermore TOF facility has been discussed in detafl -

elsewherg,‘ There, a cgmbar1$on of three different treatments of background
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Eorrections was performed for (p,kn) reactions, némely (i) extrapolation from
" the unphysical TOF region (t = E, > 25 MéV).uanf the assumption of random
distribution in time, i.e. no corrélition, (i1) baékground runs with én empty
target frame and (iii) background runs with shadow bars being inserted in the
TOF path halfway between target and'witer collimators in front of the
detectors. The results® may be summarized as follows:

For.a carefully fociised beam and, for 'all angles but the two extreme
ones; procedure (1)-accoun£$ for most of the backgroundf_ This bacgground is
approximately a 10% correction in the.fégion-Eﬁm= 3-15 MeV for.reacfions of
26 MeV protons with 65¢y and 8%. . Inspection of the background spectra
(i1) obtained with the empty target frame 1ﬁdfcate§ an additional background
component that is cbrre]ated in time with the beam; it has a sﬁooth structure
in the physical region anq is not accounted for by the eitrapdlation (1). The
background runs (iii) witﬁ shadow bar include tﬁe contribution of
room-scattered neutrons produced in the target. .Thé differences to correction
(11) are small with the exception of the 3.5° position,_where small angle
scattering of reaction neutrons aiong the (fiaréd) beam pipe leadin§ to the
beam dump enhances the yield. '.

In the present exberimenf.-packground runs with an empty frame (ii) were
performed sufficiehtiy_often, normalized to the target runs and subtracted.
The remaining uncorrelated background was taken care of as under.(i). This
treatment may still be 1nsuffjc1ent,_if the beam has no long term stability.
Analysis of the geometry, in barticular of ihe piék-off‘and of the collimation
near to the reaction chamber reveals that only thé detectors at 3.5°, 9.2°,
16.7° and 159° may be influenced.

Some typicéf spectra are presented-in Fig. 2. The TOF spectra show a

constant background level in the unphysical region (Eﬁ > E. max)
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which has ‘the same height for both target and-empty frame runs. Therefore the
data treatments (i) and (ii) yield the same result iﬁ this region. . This holds
for the physical region, too, iﬁ case of the angles 32.3° and 128.7’..where _
the background represénts a 10% correction; for the 3.5° run, the background
is considerably higher and cannot be accounted for by procedure (i). Hence,
procedure (ii) is used for backgroqn&-subtraction;'_However, the speétra taken
at 9.2° alfeady show greater similarity to those at.32.3° than with the 3.5°
data. At all angles, thé background spectré are rather smooth and no
individual structures are observed. Therefore the backgfound cannot be

responsible for structure persisting in the'shectré after background

subtraction.
D. Measurements and Raw Data Reduction

The measurements were performed with proton'beam iﬁtens1t1es of the order
of 50 nA; the fntégrated chargeé-giveﬁ fn Table.l'were accumulated in runs
which were typica11y.8 hours duration. On the averageQ 3 additional hours
were spent on background runs of type (ii). The burst-widths measﬁred over a
short time intgrval had about 1.0 ns FNHM, yielﬁipg é long term syétem time
resolution of.ml.s ns. This-corresponds:to an.eﬁergy resofution wEnz 125 keV
(350 keV) at E, = 10 MeV (20 MeV). -

After background subtractioq_the TOF spectra were'cohverted into energy
spectra in the center of mass frame with.thé_deté;tof-efficiehéies ca1cu]atéq
as described in Sect. IIA. and under.tﬁe3as$umption of single nucieon
emission. The uncertainties AEn for neutrons actually siémming'from
second chance emission are at most equal to the reéoil coqréctidn.forJtﬁé';

highest possible nucleon energy (~10 Mev) allowing for setondary emission of
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neutrons with energies above the detection threshbld, i.e. I:AEHLSIOO-ZOO keV
for the tarQet masses unde} consideration. The rare events of neutrons .
following a emission can be neglected. '

These energy widths suggest use of energy bin sizes of at least 200 keV.
Spectra obtaiped at different angles sre shown for all systems under
jinvestigation in Ref. 14. A coﬁp]ete lfsting of these data averaged over
200 keV bins including statistical uncertainties is also given in Ref. 14, A
represeﬁtative set of results for 90Zr is shown in Fig. 3.

All targefs show the isobaric analog ground state transitions (IAS),
whose positions and widths confirm the correct and consistent transformation
of the time into neutron cgnter-of—mass energy spectra as well as the energy
resolution stated above. For 5OCr and 54Fe the analog state!?2 is
identical with the ground stae of the residual nucleus.

A11 data of this work refer to isotopically pure targets. The correction
for isotopic impurities was possible, bécause for the elemgnts Mo, Zr, Cr and
Fe we have measured the (p,n) reaction for all relevant isotopes (see Table I)
such that the cm energy'spectra.coqu be consistently unfolded. The remaining
targets were either highly enriched or 1sotopiéally pure. This final set of
data will be used for comparisons with'calculated results and may be found in
tabular form in Ref. 14. _

The main systematic uncertainties arise from fhe neutron detector
efficiency (7%), the effective target thickness due.to inhomogeneities and
uncertainties of the range-energy tables (5%), and 1ﬁcomp1ete beam current
integration (3%) and §um-up to 9%. To this number the uncertainty in
background subtraction (<5%, but higher at 3.5°, cf. Sect. IIC.) and the
statistical uncertainties that depend on target, angle and neutron energy have

to be added. The overall uncertainties therefore range from 11¥ for angle



integrated cross sections, and for double differential cross sections in the
evaporation region and for the forward hemisphere; at higher neutron energies'
and for backuard'angles the estimates for the double differential cross-

sections approa;h'30%, and may be even higher for the low neutron yield-

50

reactions (e.g. p + 5OCr, 54Fg; 92Mo). The measured spectra for “"Cr,

52 91

Cr, °'ZIr and'gZMo have been reproduced in independently repeated runs

within the statistical uncertainties claimed.



ITI. "SINGLE PARTICLE BASED PARTIAL STATE DENSITIES

A. Qualitat1§e'Expectations of Spectral Effects-

In this section we adopf the picture of a nucleon iﬁduceﬁ reaction as
proﬁeeding thrbugh a series of nucléon-nucIeon interactions towards an
equilibrated systém; ﬁe may then discuss the manner in which (p,n) emission
spectra would be expeéted to reflect single paffic]e strdqturé to the degree
that single particle energies ma} be described by pure shell model energies
without gross perturbation due to residual interactions. We will concentrate
on the one particle-one hole residual configuration of the precoﬁpouﬁd exciton
hierarchy, as this will be by far the most important contriﬁutor tq the
experimental spectra at the emission energiés qﬁd for the residual excitations
of interest. |

For a (p,n) reaction, the first precompound hlerarchy (n =3) is
described as 2 particle-one hole, 1f a neutron is to be emitted, the 3 exciton
configuration must be (p) (n) (n) in nature. The residual nucleus will
therefore remain in a (p) (n)'] state. The energy spectrum of the emitted
neutron may be expected to be influenced by the spectral distribution of
(p)(n)'] states accessible following a two body interaction of the
projectile proton with target neutrons. | _ '

For rections on Zr isotopes, qualitative insights into shell structure
effects on single particle lévels'may be gained by reference to Fig. 4, where
calculated!® shell model levels are shoﬁn-for'target neutrons. For 90Zr
the ground state may be populated when the incident proton interacts with any
of the 10 neutrons filling the 99/2 level, If the neutron is emitted in a

ground state transition (i.e. maximum kinetic energy), the proton may enter
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any of the ten degenerate 99/2 levels, all @f which are vacant in the target
. nucleus. Ground state transitions may therefbre be madé in many different_
ways (due to the large ﬁumber of degenerate orbitals) and the précompound'-
(p,n) transition to the ground state wpuld be expected to-be'stronﬁ. In this
context, we emphas1ze that.ue cons1der_knock-dn céntribufiohs usually referred
to as “direct" to be included in the pfecompound mechanism.!®

The situation changes drastically by adding a single neutron to the
target, i.e. using a 9]Zr target. Of course, the proton following the two
body interaction has the same multiplicity of low lying orbitals available as
for the 9°Zr target; however, the Qroupg state may only be populated if the
proton interacts with the lone dg /o neutron. If the proton interacts with-
any other neutron, then the emifted_neutrons will bave less than thg ground
‘state energy by at least the d5/2-'99/2 energy differencg.(about 4 Mgv in
Fig. 4). We therefore would expect a small discrete ground stafe transition,
a gap of around 4 MeV, and then ; spectrum looking very much like thé
9°Zr(p,n) spectrum displaced by the d5/2_-99/2 level spacing. For the
case of a 922r target, we expect a situation similar to that for 9]Zr', but
with a larger ground state traﬁsitibn cross section corresponding to two
d5/2 neutrons which may participate in a ground state ffanéition.'_ﬁoing to
94Zr with 4 neutrons in the d5/2 level, the argum?ht may;be extended.

However additional factors come into piéy when cbnsidering'ngr and
probabl':go'gzzr. Asﬂtpe reéidual‘nucleus getsturfﬁer from_c1osed shell
configurations, the d5/2 and gglz'singlg particle strengths_ﬁj]l spread
leading to configura;ipn mixing. - In addftion the-nuclei.may'haie'nonspherical
ground“and excited siatesg the Niléébn model then predfcts a decrease of - the

gap and.of the single particle level bunching (Fig:'4),_re5u1ting~1n*a reduced
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Rosenzweig)!? effect. These effects will tend to smooth the consequences of
the extreme shell model arguments we have presented thus far. This smoothing

is indeed seen in the experimental data.

The angle integrated 90’9]'92’9421'(p,n) spectra measured for Ep =18
and 25 MeV are.shown in Fig. 5. The qualitative differences described above
are observed very clearly 1h the experimental results. In Fig. 5 we also show
spectra calculated with the geometry dependent hybrid model using the usual
equidistant spacing model for calculating-excfton state densities).!®-29
Hh{le the calculation does extremely well at a lower neutron: energy (higher
residual excitations),_gros§ discrepancies are noted for transitions to low
excitafions. Thése may be uﬁderstooq qualitatively by reference to Fig. 4 and
the preceding discussion. We wish fo explore how quantitatively these effects
may be understood in the remainder of this work.

In the following subsections we describe calculations of few
quasiparticle densities which may be compared on a more quantitatiye basis

with the (p,n) spectra measured in this work.
B. Generation of Few Quasiparticle State Densities
The few exciton state densities w(Q,N) for N 1ike fermions above the

Fermi energy and a total excitation energy Q were calculated from a set of

single particle energies g = Ei'EF with respect to the target Fermi

energy? EF by means of the recursion relationi

mi(QsN) = mi_](QsN) + "’i-l(q'ei’N']_) (1)
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The recursion index i refers to the ith

single particle energy. The state
density m(U,NH) for NH holes that share thezexcttatiqn energy U can be
calculated similarly; The recursioh converges.rapid]y. These results are
then folded to give the particle-hole state density m(Q,N,NH):' |

Q . . .
. N(QsN’NH) = Z N(U,N)(D(Q_-U,NH) ' . (2)

If both kinds of nucleons share the excitation.energy E*, an equivalent
calculation starting from the‘corresppnding set of single particle levels gives

G(O.Z,ZH). Folding of both results then yields the final partial state density

E* . ) .
N(E*,N,NH,Z,ZH) = )‘_ G(Q,Z.ZH) .m(E*-Q’N’NH) ' (3)

It should be npted that these densities are defined by energy only, with no
information maintained on the angular momentum distribution; we will discuss

the significance of this point in greater Qeté11 further oh'in this work.

C. Single Particle Levels

The type of investigation we phesent here 1s relatively new; therefore
there are still uncertainties and ambiguities in the_choiee.of'the parameters
entering into the single particle level calculation and their combination to
~give 'realistic’ partial state densities. We w111 deecribe themoptiohs of the
codes used and show in soﬁe examples how the results vary with the input
parameters. A ‘best' set of parameters will'be deduted by comparisen with
experimental data rather than on pure theoretical reasoning.

We consider three choices of single particle leve1s that are generated

internally in the codes used, namer those due to the N11sson model with the
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parameterization of Nilsson,2! Seeger and Howard!Ss or Seeger and
Perisho.22 Potential shapes are restricted to quadrupolé deformations,

where the input parameter & is related to the Nilsson parameter n
_ 8y 4.2 16 ,.3.-1/6
n=dl-38 3367 . ) : (4)

and k is the nucleon and shell dependent strengthibf the-sp1n-orbit term.
Not only shell effects, but also pairing will eause eneréy shifts of .

total and partial state densities." Pairing energiee'may be treated. either

by a constant shift depending on the odd-even type of the residual

system,??1? or by replacing the. s1ngle particle energies €4 =

E;-Ep by quasiparticle energies e1 = (ei + A2)1/2

For the ground state, the gap parameter A may be calculated from the gap

equation

7 1 (5)
i &

of the BCS formalism,2? and Ep is fixed by the requirement (for the

example of N neutrons) '

E, -E o - -
5 (- 1 F ) (6)

i /(Ei-EF)Z +a?l

The summations extend over the doublyldegenerate orbitels and G is the
constant pairing strength The formalism assumes equal diagonal and off-
d1agonal matrix elements between each J = 0 coupled pair.

In view of these approximations, it seems justified to add another one
that considerably simplifies the calculation: We assume that A does not
change with the excitation energ& E*, snch.that the ground state values can be

used throughout.
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Finally the state densities obtained from Eq. (2) are smoothed with a
Gaussian distribution characterized by its standard deviation o before they
are folded according to Eq. (3) This treatment prepares the calculation for
comparison with the experimental data which are broadened by the experimental
resolution, and, what is more important, it may roughly account for the
spreading of the single particle strengths due to residual :interactions.

There are a number of reasons that the theoretically predicted structure_
-should'deviate from results 1n.nature-both in peak uidth and oosltlon. We may

summarize several of these as follows:

1. The calculation considers only the energies of the single particle .
levels; however each residual interaction and coupling of tne'angular momenta

of unpaired particles should yield different level energies rather than the

degenerate results assumed in our codes.

2. The targets used, due to being closed snell or near closed shell in
nature, involve single'partlcle orbitals which may nave-very Targe ranges of
angular momenta to which they may couple; lhe reaction-klnematics may .
strongly select against population of some of:these'levels due to the
kinematically allowed orb1tal angular momentum transfers. These’ restrictions

are not considered (as yet) in our. codes for generating few quasiparticle .

densities.

3. Positions calculated for excited single particle levels will be even more

sensitive to details of the shape of the assumed potential well than for lower

1ying orbitals (see Flg. 4),
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4. As particle orbitals become unbound, the shell model levels become
questionable in meaning; the centrifugal barrier, and for protons the Coulomb
barrier may mitigate this point for a few MeV. For 20»91:92:%4y, 4pe

proton bfnding energies are 5.2, 5.8, 6.0, and 6.8 MeV, respectively.

5. As the single particle energies increase the lifetime decreases, and the
natural width due to the Hejsenberg principle increases. Similarly, the
spreadfng width will change. We might therefore expect that the constant
averaging width of our'caiculation.might Better be réplaced by an energy

~ dependent function.

6. The excited state nuclei, which may have high (~9f) angular momenta, may
have deformations larger than the ground.state target nuclei.

In spitg of these many reasons to expect failure, we nonetheless wish to
make the comparisons under discussion, but with a realistic outlook as to what

constitutes success.
D. Parameter Sensitivities

In Fig. 6 we illustrate for 92Nb the (p)(n)f] state densities using each
of the three!$?219222 gotg of single particle states for a spherical
potehtial. The BCS approach has been chosen for the treatment of the residual
(pairing) interaction. The ground state pairing energies A, and Ap
were those of Gilbert and Cameron2* that have proven to be a good
approximation ofithe values obtained from an exact BCS calculation of the

total level densities in the mass range A = 60.25 A smoothing width
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o = 1 MeV was applied. A reasonably large variation of structure position§
may be seen to result.from the different input choices.

The 1nfluence of o may be seen in Fig. 7, where the results for the
values 1.0, 1.5, 2.0, and 3.0 MeV are shown for the Seeger-Perisho single
particle set, again for-the nucleus 92Nb. We have adopted the 1.5 MeV
smoothing width for further Eomparisons between calculated and experimental
results. The choice was made on a purely arbitrary“basis because it gives
peak widths similar to experimental results. There are reasons as to.why the

width o should actually increase with increasing excitation as was mentioned

in the preceding subsection.

E. Deformation

Isotopes of Zr would be expectéd to be spherical or nearly spﬁerical in
their'ground-states. However the residual nuclides we are interested in are

not Z = 40, but Z = 41, with mostly odd neutron numbers. We are interested

not in ground states, but in excited states fof which spins up to_9ﬁ could
easily result. Under'these-con&itions deformationé quité-different'ihan those
appropriate to ground state values in erisotopes may be expecte&.

The Lund group has made extensivg investigations of potential energy
surfaces for a variety of isotopes in their_ground.stqtes,-but with different.
values of the angular mbﬁlentum."6 ‘Their results for neutron npﬁbérs of 48-54
and for Z = 40 and 42, fﬁr angular momenta of zero and 106, are hglpful guidgs
for this work. Certainly the excited staterdeformatiﬁns:mhy*reason%b]} be
expected to be at least as large as the ground state Qaldes. We therefore .

summarizg some of the Lund group results presented by Aberg.2®
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For angular momentum of zero, ground states had 6 < 0.023 for N = 48 -
54 for Z = 40 and 42. For N = 48, nuclei were soft (meanihg a change in
potential energy with deformation less than'l'Mev) for § =0.1; for N = 50 for
§ =0.06; for N = 52 for § =0.1, and for N = 54 for § =0.2. These numbers

refer to calculations including pairing interactions.
For angular momentum 10f all nuclei were predicted to have static ground state
deformations. For N = 48 and 50, & = 0.053; for N ='52, 8 % 0.14 and for
N =54, § =0.17. The rotating nuc]éi also are pre&icted'to be soft against
larger or smaller deformations than those we have listed, although the range

is less than for the nonrotating nuclei.

The numbers given above are intended to show reasonable ranges of
deformation parameters we might use in our-parfial state density
calculations. We will accordingly present comparisons influenced by the

potential surfaces of Aberg?® as summarized herein.
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IV. COMPARISONS OF CALCULATED TWO QUASIPARTICLE
DENSITIES WITH EXPERIMENTAL SPECTRA

A. Relationship Between Spectra and Densities

The hybrid model2? for precompound decay may be written as

do, T o0 e - |
'HE! (e) = o hgno n*y EBf?E;;—JETTETé§%E§X_)]D _ @

In Eq. (7) do(e)/de-is'thé differential spectrum for bb;ervation of

particle v (neutron or proton) wjth channei energy €; oy is the

reaction cross section. fhe su_mnation is over exciton number of 1:_he multiple

scattering hierarchy beginning with Ny = 3 for nucleon induced reactions, |

increasing by an = 2;'nx; is the number of particle exqitons of tybe

v. the numerator in the first set of brackets is the densiiy of -final

states, which for the first term wduld be one particle-one hole (1plh) in

nature for nucleon 1nduced'reaction§.- While continuous exciton density

functions of the Ericson-Williams type1’2°3ﬁévg generally been used for

this function, the point of this work and earlier worksi’z_is that

instead Of‘pn-](U) a?state density m(U,N!NH,Z,ZH) Qaseq_pn rea1ist1c

single particle levels might be more apprbpriate for'near-closed_sheII hﬁcfei.
.The second sef of brackets in Eqg. (7) exhibits thg ratio of emissién rate

into the continuum given by the b}oduct of a constant k with anhinverse cross._

section o) and the channel energy €. The inverse cross section for

neutroﬁs increases as channel energy decreases. The'préduct'koe in the

numerator in Eq. (7) is therefore fairly constant over the h1qh channel energy .

region of the emission ‘spectrum when compared w1th pn ](U) over the
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corresponding residual excitation energies U = E*-Bv-e, where Bv is

the binding energy of the particle of type v. _

S We consider only thelleading term in the precompound spectra (1plh
residual'éonfiguration) since this term dominates.at the lowest excitations
where our extreme singje pértic1e model assumptions have the. best chance of -
being valid. In Fig. 5 we have indicated the calculated contribution of the
n, = 3 precompound decay term separately from the total calculated spectrum,
as a quide to the energy region dominated by the Ny = 3 term of Eq. (7)
(actually in the geometry dependent version)!® as calculated with the
ALICE/LIVERMORE 82 code,2® using a version which was modified to use a
variable energy meshsize).

We can therefore_approximate the dependence of do/de in first order by

& o) | | | "3 - (8)

and perform on this basis a comparison of the experimental values of do/dU
with the calculated one (proton) particle one (neutron) hole state densities
w(U,0,1,1,0) to see the extent to which our calculated extreme single

particle model state densities agree with expgrimental'observation.

B. Analyses of Zr(p,n) Spectra

Comparisons between experimental (p,n) spectra and (lp)(ln)'l two
quasiparticle densities for Nb isotopes are shown in Figs. 8-10. Calculations
were made with single particle levels due to Seegér-Howafd or Seeger-Perisho
as indicated. An energy averaging width of 1.5 MeV was applied to all
results, and neutron and proton pairing energies based on results of Gilbert

and Cameron were used.2® The latter were used in the BCS approximation.

-19-



Ranges of deformation were used for each 1set0pe based on calculations of Ref.
26, and as indicated in Figs. 8-10. In Fig.s 8-10 we have i]lusirated the
effects on calculated two quasipart1c1e densities resulting from choice of
single particle levels (Ref. 15 or 22), deformation and sign of deformation.
We have plotted three sets of experimental results in Figs. 8-10. The angle
integrated spectra at 18 and 25 MeV are shown, and the 9.2°
double-differential spectra for 25 MeV incident protonﬁenergy have been shown.
There are two reasons we wish to compare specfﬁa at a.Single (forward)

angle in addition to.the angle infegrated results. The more significant

reason is that our calculation ddes not consider the important restrictions onf_

angular momentum couinng_on experimehte] spectra. ,COmparieons df.differences
in prominent peak structure between the.9.2° measdreﬁent and:angle 1ntegreted
results illustrate this point. We should therefore pay_greater attention to'
the location of calculated and expeeimental peak structures than to their
absolute magnitudes until such time as angular momentum coupling is treated. in
the calculations. We emphasize that the peak positiohs-do-hot change with
angle, but that the relative intensities do. (We remind the reader that
spectra at all angles are presented both graphically and in tabular form in
Ref. 14.) _

We should first look at Figs. 8-10 in low resolution. - When this is done
we see that the major discrepancies (see Fig. 5)- between caicu1ated'(with
equidistant spacing model) ane.experimenth1 speqtra'iq‘the 0 - 4 MeV regﬂoh of
residual excitation are largely Fesolved. The large energy gap of neafly 4
MeV in 9]Zv- (see also Fig. 4) 15 reproduced quite well, as 1s-the decrease

in gap in going to 92’94Zr. The results in low resolution are 1n'agreement”

with the qualitative.predictions'we made in Section III;A éﬁd with the trend _

observable in the 90:91:92,%4;, (p,n) data measured at 15° with 45 MeV
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protons.?® These very large effects make one point fairly clear: Attempts
to understand precompound spectra at low residual energies in terms of an
equidistant model with a pairing correction are surely of questionable value
for closed or near closed shell nuclei. The issue. is more complicated and
involves shell effects which are considerably more important than the pairing
effects and which act in a very different manner with tafget_neutron or proton
number.

A more detailed cbmparison of calculated and.experimental results in
Figs. 8-10 shows a better agreement between calculated and experimental peak
positions than might have been expected based on caveats stated earlier. The
agreement is by no means quantitative. Some spectra are reproduced better
with (lp)(ln)'] densities generated using single particle levels due to
Seeger-Howard,!5 while others are better reproduced with levels due to
Seeger-Perisho?? or are equally well reproduced by either set. The basis of
what constitutes agreement is of course highly subjective. Clearly any.
structure in the experimental spectra due to collective states should not be
reproduced in detail. Our calculation has the appropriate degrees of freedom
to describe both the isobaric analog state (fAS) and.Gamow-TeIIer (G-T)
transitions, but not represent these peak ;tructures in detail because of the
lack of a two-body force and limitations caused by the choice of single
particle energies. Specifically, if one uses single particle level energies
which are completely isospin symmetric, the analog state will include the
appropriate strength in one peak. It can also be located at the proper
position if the Fermi energy differences are chosen appropriately. Our single
particle level schemes were not completely isospin consistent, so this spreads
the strength out somewhat. Similarly, if the single particle energies are

chosen so that each charge exchange spin fl1ip transition has the same energy,
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a giant G-T state will be produced. Our single particle energies did not meet
this criterion precisely and the experimental G-T strength is not as
concentrated in a narrow energy région ;s is the case for the analog. Thus
for both the analog and the G-T states, the strength will be correctly given
but details of the energy dependence'will be incorrect because of the lack of
a two-body force.

. We do sge'fn these figures that results are strongly dépendent on the
locations of the single particle levels entering the calculations, which in
turn also depend bn the spreading due to deformation, including the sign of
the defdrmation. This raises the exciting possibility that experimentai
precompound spectra could be used as a guide to setfing centroids of excited
single particle levels. This would mean that models and data heretofore
associated with an understanding of-smooth continuous spectra could become a
tool of nuclear structure physics; it remains té be seen if this_specu1ation'
is within bounds of reason. |

It may be seen from these compqrfgons that precompound decay spectra may
be expected to show peak structure at low residual gxcitations_(for ﬁear'-
closeﬁ shell nuclei) simply due to coﬁsidgratiqns of re&listic sihgie partjcle
levels. Here it is worth mentioning that for the residuél nuclei under
consideration the deﬁsity 6f resolved. levels?® exceeds 20 mev~! at 2 MeV
of excitation. Yet.fhe question is oftgn asked of"precompoqnd practioners’
as to how to remove the 'smooth’ precompound background frbm.observed.peék
structure in an eXperimeﬁtal measurement. From Figs. 8-10 it should be clear
that the péaks may wéli be the precompound coﬁtribdtionﬁ the only reason that
calculated precompound-spectra.appear smodth at low_excitaiioné is thﬁt an

equidistant single particle ievgl assumption has been used in-géngrating-the
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-exciton densities used as input to the calculations, forcing the resulting
smooth spectral predictions. | |

It was shown in the early work on this subject by Williams et al.,!
that as target nuclei become deformed the splitting of the degeneracy of
single particle levels very quickly causes a disappearanée of the shell
effects under discussion; it was further dgmonstrated (by calculation)?*?
that an equidistant spacing model should be a good approximation in such
cases. In Fig. 11 we show a calculated (1p)(1n)'] state density for the

lsguy reaction, the experimentally

residual nucleus of the '>>Tb(p,n)
measured neutron spectrum, and the result of the GDH calculation using the
equidistant spacing model. The (1p)(1n)'1 exciton configuration densities
were calculated with Seeger-Perisho single particle 1¢ve1s, an averaging width
of 1.5 Mev and pairing energies of 1.02 MeV. An experimentally deduced (for
neighboring nuclei) nuclear deformation parameter & = 0.3l.was used.’! At
this deformation the equidistant spacing model is a good approximation of the
single particle level distribution e.g. of Ref. 22 a;d the agreement of the
experimental and calculated spectra confirms the earlier predictions of Ref. |
2. For this case the GDH model with equidistant spacing model densities gives

a spectrum without the deficencies (or much less in magnitude) than those

shown in Fig. 5.
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VI. CONCLUSIONS .

We have shown that large gaps near the end points of precompound spectra
may be observed for nuclefi which are near closed_shelis, with a generalization
that an understénding of these gaps requires a consideration of relevant
single particle orbitals, and not simply of a pairing term. We see that these
effects are expected to 'wash out; fairly rapidly with nuclear deformation.
Simple considerations of shell model levels allow us.to understand fhese
effects in a qualitative manner. |

More detailed comparisons may be made between exper1menta1 precompound
spectra, and calculated (lp)(ln) ‘state densities. We have made such -
comparisons. A list of effects was giveﬁ which weaken the expected agreement
between calculated and experimental results. Hhetﬁer to charactefize-the
comparisons as good or poor is subjective. We feei that the degree of
agreement is very encouraging. A more rigorous treatment of anjulaf_momentum,
and of locations of excited state single particfé levels holds'some promise of
further improving this agreemeni, and therefore of performing more microscopic
precompound calculations in the future. Ultimately we mith-better be able to
identify spectral peaks resulting from simple excit;tiqn.by_a two body
operator versus.those.of a different nature. We bglievé that it is.fair to
say that even thg relatively primitive microscopic partfcle-holé densities
presented Herein provide a much improved de;;ription?of our expéffmentél
results than the equi&fstant spacing model. | | '

It is possible that precompound spectra may ultimately be used Fp
determine centroids df-(lp)(ln)'] excited states, thereby becomfng a tool of
nuclear structure research. To do so will requ1re first the 1nc1usion of

angular momentum in the quasipart1c1e state density ca1cu1ations.
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Table I. Target foils and composition.

TARGET | CHARGE
THICKNESS  ISOTOPIC CONSTITUENTS ACCUMULATED
TARGET (mg/cm2) A(%) - (mC)
S9Cr 3.3 50(95.9),52(3.8) 1.34
S2er? C2.3  52(99.9) 1.50
Sacr 2.3 53(96.4),52(3.4),54(0.2) 1.50
54, 5 | . 1.50
SoFe .3 54(96.8),56(3.0) .50
36¢¢ 5.3 56(99.9) 1.20
26
58¢ 5.4
>oFe ) 58(76.66),56(23) 1.31
5%0 4.4 59(10 .
SN 4.0 . 60(99.8) - 1.50
gg;u 4.1 63(99.9) 1.30
ggv - 3.4 89(100) 1.50
~282r 6.2 90(97.65),91(0.96),92(0.71,94, (0.55) 1.50;0.9°
91 . - a. b
20T 5.7 91(88.5),90(6.51),92(3.21),94(1.61) . 1.00%;0.9° -
aozr 5.3 92(95.13),90(2.54),91(1.04),94(1.11) 0.94;1.0°
o 5.4 94(96.49),90(1.91),91(0.51),92(0. 85) 0.75;0.5°



Table I. (Continued)

TARGET CHARGE
THICKNESS.  ISOTOPIC CONSTITUENTS ACCUMULATED

TARGET (mg/cm2) A(%) (mC)

2§Moa 4.9 92(98.3),94(0.5),95(0.4),96(0.3), 1.5
97(0.1),98(0.3),100(0.3)

zgno 2.6. 94(93.9),92(0.9),95(2.9),96(1.0), 1.8
97(0.4),98(0.8) -

ngo 5.3 95(96.8),92(0.3),94(0.6),96(1.5), 1.4
97(0.4),98(0.5)

2gno 2.6 96(96.8),92(0.2)94(0.2),95(0.9),97 1.9
(1.0),98(0.8),100(0.1)

2740 2.1 97(92.8),92(0.3)94(0.2),95(0.7), 1.55
96(1.7),98(4.0),100(0.4)

2gMo 2.1 98(97.0),92(0.3),94(0.2),95(0.5), 2.0
96(0.6),97(0.8),100(0.6)

100M0 2.6 100(95.9),92(0.9),94(0.3),95(0.4), 1.50
96(0.6),97(0.4),98(1.5)

N0,y 5.4 110

hy: . 110(95.2),108(3.7),106(0.1) 1.0

‘2gTb 4.1 159(100) 1.0

a) The (p,n) measurement of this target has been repeated for checking.
b) Accumulated charges refer to E. = 18 MeV runs.

p
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Table IT. Reaction data. Excitation energies E* (IAS) of the isobaric analogs are

from Ref. 12 or, if in parentheses, calculated from Ref. 13.
En,max Of the neutrons refer to the-c.m.s. and are given in parentheses for 18 MeV

project11es, 'is' denotes spin isomers.

Maximum kinetic energies

In In E* IAsg
REACTION TARGET  RES. NUCL. Q(p,n) MeV)  En,max
50 + + N
52Cr(p,n)52Mn o* 6" -5.49 . 2.93 18.67
53cp(p,n)°3Mn 3/2" 7/2 21.38 6.97 22.72
54 + + .

Fe(p,n) Co 0 0 -9.03 0.0(g.s.) 15.23
50¢e(p,n)>Cco o* 4t -5.35  3.56 18.88
8ce(p,n)°8co ot 2t -3.09  5.75 21.11

59C0(p,n )i 7/2 3/2” -1.86  7.34 22.34
6°N1(p,n)5°r:u ot 2t -6.91 2.55 17.38

Cu(p,n)332n 3/2" 3/2" -4.15  “5.50 20.13
89Y(p,n)402r 12" 9/2” -3.62 . 8.09 20.86
zglr(p,n)Z? b o* g*;47(1s) -6.89 - 5.1 17.63(10.79)
M2r(p,m)?’ sr2* 9/2";1/27(1s)  -2.04  9.82 22.44(15.59)
9271 (p,n)%2Nb o* 7*:2% (i) . -2.79  9.03 21.70(14.85)
%2 (p.n) b ot “6%;3%(4s) ~i.68 . (10.0) 22.81(15.96)
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Table II1. (Continued)

Ir m E* (IAS)
REACTION TARGET  RES. NUCL. Q(psn) (MeV)  En,max
aoMo(p,n)32Te ot (8" -8.65  3.81 15.90
o (p,n) e ot 7%(2%.49) 5.08  (7.3) 19.49
9o (p,n) I5Tc 5/2* | 9/2%;1/27(1s) © -2.48  9.82 22.02
9o (p,n) %6Tc ot 7*4*(is) -3.76 8.4 20.77
wo(p,n)91c s/2"  972t;1/27(4s) <110 11.02 23.40
98w (p,n)%871c ot (&) -2.46  9.74 22.05
10045 (p,n)'007c R -0.95  (10.9) 23.56
1 opd(p,n)s108g ot 1+6t(is) 2167 (11.2) 22.90
12aTb(p.n)go Dy 327 32 105 15.18 23.54
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

FIGURE CAPTIONS

Schematic diagram of the time of flight target and detector
geometry. A removeable Faraday cup position is shown. Target

current readings are taken from the beam dump, which is a shielded

Faraday cup.

Experimental 9QZr(p,xn);spectra and assocjated baékground spectra
at 3.5°, 32.3° and 128.7°. The figure is discussed in the text.
The most prominent peak is thé IAS ground state; tﬁe downward arrow
at high énergy shows the end pojnt enekgy. The. downward arrow at

low energy shows the cut off energy.of the measurement.

Doubly differeﬁtial spectrérfor the 90Zr(p,xn) reaction for 25 MeV
inciqgnt proton energy. These afe'data, before i§otopi§'composition
corrections. They are typical{of thg ddta heashred in the course of
this work. The vertiéal lines représént the end point (groqnd '
state). The angles represented begin at 3.5° in the Tower " left of |
the figure, increasing to 54° at the top left (see Fig. 1 for
intermediaté anglgs). Angles begin ai 61.45 in the.jbwer"right,
increasing to 159° fn the upper“right._“ﬁnergies aré'in thé |

center-of-mass system.

Schematic diagram.showing single particle levels for Zr isotopes -
using. the Seeger-Howard!® single particle spacings. Deformation
parameters of & = 0, +0.05 and +0.1 are shown. Occupation of the

2d5,2 levels by neutrqns is‘indiééted by solid;circ1es.
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Fig. 5.

Fig._6.

Fig. 7.

Fig. 8.

Calculated and experimental (p,xn) spectra for proton energies of 18
and 25 MeV on targets of 90’9]’92’94Zr. Solid points répresent

the experimental angle integrated data corrected for background and
for isotopic impufities{ The solid curves .are resd1ts of the
geometry dependent hybrid model plus evaporatidn model

calculations. The dotted curves are the contribution of the first

(no = 3) exciton number to the total calculated neutron spectra.

Arrows represent end point energies.

Two quasi-particle densities resulting from single particle levels
due to Nilsson, Seeger-Howard and Seeger-Perisho. A1l calculations

are for (lp)(ln)'] densities for-sphéri;al nuclei with o = 1.0

MeV.

Two quasi-particle densities generated with single particle levels
due to Seeger-Perisho as a function of the averaging width o. A1l

results are for spherical nuclei (§ = 0).

Experimental and calculated results for 90’92Nb nuclei. The heavy
solid curves represent the (1p)(1n)'] two quasi-particle densities
calculated using Seeger-Howard (S-H) or Seeger-Perisho (S-P) single
particle levels with deformation parameters § as indicated.
Densities are plotted as levels/MeV; gxperimental spectra are
plotted on a relative cross section basis; only peak shapes and
positions should be compared between experimental and calculated
results. Experimental spectra are plotted versus residual

excitation energy, as are the two quasi-particle densities. Open
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circles joined by liﬁes are angle intégrated spectra from 25 MeV
proton bombardment. Solid circles joined by lines are spectra -
measured at 9.3° (25 MeV incident profon energy). Plus signs'(+)

~ joined by lines are angle 1htégrated spectra resulting from 18 MeV
data which in this.fighre"and in following figures have been |

displaced as convenient for figure clafity. Absolute values may be

seen in Fig. 5.

Fig. 9. -As in Fig. 8 for J'Nb.

Fig. 10. As in Fig. 8 for M.

Fig. 11. Calculated and experimental results for '>Tb(p,n). The sol1d
curve is the (lp)(1n)*1 two quasi-particle densi;y for lsgDy

with § = 0.31 plotted as levels per 106 keV. Open pqints:Joined

by 1ine segments are'the experimeﬁtal ang1e.jntegrated spectrum for

25 Mev proton energy. The dashed.curve is the ré;ult of fhe

geometry dependent hybrid'mOdgl (GDH). The GDH and Experfmental

results are plotted as mb/MeV versus residual excitation.
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